Medulloblastoma is the most common malignant brain tumor in children aged 4 or younger and one of the leading causes of morbidity and mortality related to childhood cancer.[@b1],[@b2] This embryonal tumor of the cerebellum, classified by the World Health Organization (WHO) as a grade IV tumor, is highly malignant and often spreads to other brain regions as well as to the spinal cord. The current treatment consisting of surgically removing as much tumor as possible, followed by radiation and chemotherapy, is not effective in approximately one-third of patients, who eventually succumb to the disease.

Although early age and metastatic spread at diagnosis are usually associated with poor survival,[@b3] predictions of prognosis and response to standardized treatments based on clinical parameters have proven difficult. Medulloblastoma cells present a high degree of phenotypic and functional heterogeneity, which may result from stochastic genetic[@b4] and/or epigenetic changes,[@b5] as well as from interaction between cancer cells and the tumor niche.[@b6] Based on molecular and genetic traits, the most recent consensus classification stratifies medulloblastoma in four distinct groups, two of which relate to developmental signaling pathways.[@b7]

The existence of highly tumorigenic cancer cells displaying stem cell properties in several types of malignant tumors adds another layer of complexity in understanding the mechanisms underlying inter-tumor and intra-tumor heterogeneity.[@b8] Due to their self-renewal and differentiation capability, cancer stem cells may generate different progenies of cancer and stromal cells along tumor development. The continuous process of subclonal development and divergence fuels heterogenic aberrant tumor cell behavior, with important impacts on the clinical outcome of patients.[@b9] Investigating stemness properties in cancer cells is, therefore, of great relevance to improve medulloblastoma treatment.

As in most embryonal tumors, medulloblastoma cells display primitive cell features, including aberrant function of SHH, NOTCH, WNT and TGFB1 signaling pathways, which are involved in normal neurodevelopment.[@b10] Some of these abnormalities are thought to arise from prenatal mutations more likely occurring in neural stem or progenitor-like cells, favoring an increasing genomic instability in those cells.[@b11] Despite the cell of origin, alterations conferring stemness to cells may increase their fitness and favor tumor development.

Certain early driver alterations may also be related to embryonic stem cell (ESC) traits, because these cells display unlimited growth potential and tumorigenicity.[@b12] At the molecular level, cancer cells and ESC also share many similarities in their gene expression programs.[@b13],[@b14] Indeed, aberrant expression of ESC-related pluripotency factors such as LIN28[@b15] and OCT4 have been reported in medulloblastoma specimens, with OCT4 expression being significantly correlated with shorter survival in either clinically high or average risk patients.[@b16] Although the underlying alteration leading to such aberrant expression of pluripotency-related genes is not clear in medulloblastoma, the very low frequency of driver mutations in these tumors[@b17] and the recent association of differential DNA methylation status with *LIN28B* misexpression[@b18] indicate the contribution of chromosomal and epigenetic aberrations.

OCT4 is one of the four transcription factors capable of reprogramming somatic cells to pluripotency.[@b19] More recently, overexpression of the miR-302/367 cluster has also been shown to induce pluripotency in somatic cells, without requirement of exogenous transcription factors, and with an efficiency two orders of magnitude higher than the standard OCT4/SOX2/KLF4/MYC-based methods.[@b20] In fact, earlier studies had reported specific miRNA highly expressed by embryonic stem cells (ESC), with a critical role in controlling pluripotency and cell differentiation.[@b21],[@b22]

Similar to what has been reported for transcription factors, aberrant expression of miRNA involved in pluripotency may also contribute to stemness traits in cancer cells. Yet, information about pluripotency-related miRNA and cancer aggressiveness is scarce in the literature and, thus far, no such studies have been reported for medulloblastoma. In this work, we found that miR-367 is upregulated by OCT4 in medulloblastoma cells and that transient overexpression of miR-367 enhanced cell proliferation, spheroid cell invasion, as well as generation of neurosphere-like structures *in vitro*, suggesting the pro-oncogenic activity of this microRNA originally related to pluripotency and ESC self-renewal.

Materials and Methods
=====================

Cell culture
------------

Human medulloblastoma cell lines D283-Med (ATCC HTB-185), Daoy (ATCC HTB-186) and CHLA-01-Med (ATCC CRL-3021) were purchased directly from ATCC. Cell line USP-13-Med was obtained from HUG-CEL (Human Genome and Stem Cell Center, Universidade de São Paulo). CHLA-01-Med cells were maintained in DMEM--Nutrient Mixture F-12 (DMEM/F12) with 20 ng/mL human recombinant EGF, 20 ng/mL human recombinant basic FGF and B-27 Supplement (Invitrogen, Carlsbad, CA) to a final concentration of 2%. D283-Med, Daoy and USP-13-Med were cultivated in low DMEM supplemented with 10% FBS and 1% 100 μg/mL penicillin/streptomycin solution. The H9 cell line of human ESC (hESC) was kindly provided by LANCE (Laboratório Nacional de Células-tronco Embrionárias, UFRJ) and cultivated under standard conditions, as previously described.[@b14] All cell lines were maintained at 37°C, 5% CO~2~.

Overexpression of miR-367
-------------------------

For miR-367 transient overexpression, cells at 50% confluence were transfected with mirVANA miRNA 367 mimic, inhibitor (Life Technologies, Carlsbad, CA) or an universal non-specific ncRNA control that does not target any sequence in the human transcriptome (DS-NC1; Integrated DNA Technologies, Coralville, IA), using Lipofectamine RNAiMAX (Life Technologies). Transfection was performed according to the manufacturer\'s instructions, using a final oligonucleotide concentration of 20 nM. Medium was replaced 24 h after transfection. Transient miR-367 overexpression efficiency was confirmed by analyzing the cellular levels of RYR3 and RAB23, two experimentally validated targets of miR-367.[@b23]

Protein analysis
----------------

After 48 h of cellular transfection, cells were permeabilized with the FIX & PERM Cell Fixation and Cell Permeabilization Kit (Life Technologies) and incubated with anti-RYR3 antibody (NPB1-70399; Novus Biologicals, Littleton, CO). The amount of RYR3+ cells was estimated by flow cytometry in the Guava easyCyte 5HT Flow Cytometer (Millipore, Billerica, MA). RAB23 protein levels were analyzed by western blotting under standard conditions. After protein transfer, PVDF membranes (GE Healthcare, Little Chalfont, UK) were blocked, incubated first with anti-RAB23 antibody (ABcam Cat. No.169491) and then with a goat anti-mouse HRP-conjugated secondary antibody. Protein bands were revealed using the Immobilon Western Chemiluminescent HRP Substrate (Millipore).

miRNA and gene expression analyses
----------------------------------

Total RNA was extracted from tumors and hESC using the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer\'s instructions. MicroRNA were purified using the mirVana miRNA Isolation kit (Life Technologies), following the manufacturer\'s protocol. RNA concentration was determined by absorbance at 260 nm with NANO DROP (Qiagen). A total of 1 μg of RNA was reverse transcribed with the SuperScript III Reverse Transcriptase Kit (Invitrogen) according to the manufacturer\'s instructions. Quantitative PCR was performed in a 7500 Real-Time PCR System Thermal Cycler (Applied Biosystems, Carlsbad, CA). Expression of miR-367 and pri-miR-367 were quantitated using individual TaqMan MicroRNA Assays (Applied Biosystems). Small nucleolar RNA, C/D Box 58A (RNU58A), was used as endogenous control. Expression analysis of pluripotency-related genes was performed with Platinum SYBR Green qPCR SuperMix-UDG (Life Technologies), using GAPDH as endogenous control. Reaction specificity was assessed by dissociation curve analysis. Primer sequences: SOX2 for: 5′-GCTACAGCATGATGCAGGACCA-3′, SOX2 rev: 5′-TCTGCGAGCTGGTCATGGAGTT-3′, NANOG for: 5′-CCTGAAGAAAACTATCCATCC-3′, NANOG rev: 5′-CCTTGTCTTCCTTTTTTGCGA-3′, OCT4A for: 5′-TCGCAAGCCCTCATTTCACCA-3′, OCT4A rev: 5′GGACTCCTCCGGGTTTTGCT-3′, GAPDH for: 5′-GCATCCTGGGCTACACTG-3′, GAPDH rev: 5′-CCACCACCCTGTTGCTGCTGTA-3′. RT-PCR quantification was based on linear regression analysis from standard curves with amplification efficiency ranging from 90% to 100%. Reactions were performed in triplicate. RNA from hESC was used as a positive control in all analyses.[@b24]

Cell cycle analysis
-------------------

After 48 h of transfection with miR-367 mimic or non-specific control, cells were washed twice with PBS and fixed in cold 70% ethanol at 4°C for 1 h. Cells were then incubated with Guava Cell Cycle Reagent (Millipore) for 30 min, at room temperature, shielded from light, and analyzed using the Guava easyCyte 5HT Flow Cytometer (Millipore).

Immunofluorescence and mitotic index
------------------------------------

After 48 h of transfection with either miR-367 mimic or non-specific control, cells were fixed with 3.7% formaldehyde for 30 min. For the mitotic index, cells were stained with 1 μg/mL DAPI for 2 min, washed in PBS and mounted on slides with VectaShield. Then, 1000 cells/slide were counted on three different slides for each experimental group. For cell morphology analysis, cells were submitted to immunofluorescence. After fixation, cells were treated with PBSAT (0.1% Triton X-100, 1% BSA) for 30 min and then incubated with anti-alpha tubulin (1:200 dilution; Sigma) and anti-pericentrin (1:800 dilution; Abcam) antibodies, for 1 h at room temperature. After washing with PBS three times, cell nuclei were stained with 1 μg/mL DAPI for 2 min and cells were mounted on slides with VectaShield.

EdU incorporation assay
-----------------------

Cells in the S phase of cell cycle were determined by EdU (5-ethynyl-2′-deoxyuridine) incorporation assay (Click-It EdU Alexa Fluor 488 Imaging Kit, Life Technologies), according to the manufacturer\'s protocol. EdU (10 μM) incorporation time was 30 min for Daoy cells and 45 min for CHLA-01-Med, D283-Med and USP-13-Med cells.

Neurosphere formation assay
---------------------------

Cells were transfected with miR-367 or non-specific control and plated 24 h later into 96-well low-attachment plates (Corning, New York, NY), at a density of 1 × 10^3^ cells/mL in DMEM/F12 medium containing 20 ng/mL EGF, 20 ng/mL bFGF, 1× B-27 and 1× N2 (Invitrogen). Well-developed neurospheres (D283-Med and Daoy: ≥30 μm in diameter; CHLA-01-Med: ≥50 μm in diameter; USP-13-Med: ≥100 μm in diameter) were measured at day 4. D283-Med, Daoy and USP-13-Med neurospheres were dissociated with 0.05% trypsin/1 mM EDTA (Tryple, Life Technologies) and CHLA-01-Med neurospheres were dissociated with Cell Strainer Cap (Corning) to reach single cell suspension. For CHLA-01-Med, Daoy and D283-Med cells, 1 × 10^5^ cells were labeled with CD133/1 PE antibody (AC133; Miltenyi Biotec, Cologne, Germany) for 40 min at 4°C. Cells were analyzed in the flow cytometer FACS Aria II with DIVA software (BD Biosciences, Franklin Lakes, NJ). USP-13-Med cells were labeled as described above, fixed (PFA 4% for 1 h) and permeabilized (0.1% Triton X-100 for 10 min) before analysis in the Guava easyCyte 5HT Flow Cytometer (Millipore). Cells displaying fluorescence higher than the basal fluorescence of unstained cells were deemed CD133-positive.

Apoptosis assay
---------------

CHLA-01-Med, USP-13-Med, D283-Med and Daoy cells were transfected with miR-367 or non-specific control and 24 h later treated with 9.2, 126.4, 50 and 3.7 μM of cisplatin, respectively, for 48 h. These concentrations correspond to the LD50 previously determined for each native cell line by dose-response curves. Apoptotic cells were evaluated using the Guava Nexin Annexin V Assay kit (Millipore), following the manufacturer\'s instructions, and samples were analyzed using the Guava easyCyte 5HT Flow Cytometer (Millipore).

Invasion assay
--------------

Tumor cell invasion activity was accessed using the Cultrex 96 Well 3-D Spheroid BME Cell Invasion Assay (Amsbio, Abingdon, UK). After 24 h of transfection with miR-367, miR-367 inhibitor or non-specific control, cells were plated into 96-well low-attachment round plate (Corning) at a density of 4 × 10^3^ cells/mL, along with a specialized Spheroid Formation ECM to drive cell aggregation and spheroid formation. Spheroids were then embedded in an invasion matrix composed of basement membrane proteins that form a hydrogel network on which invasive cells can travel. Invading cells form spindle-like protrusions out from the spheroid core. The amount of these spindle-like protrusions and their length are proportional to the degree of cell invasion, which was visualized under a digital inverted microscope (EVOS Cell Imaging System; Life Technologies) and quantitated with the ImageJ software, according to the manufacturer\'s instructions. Daoy, D283-Med and CHLA-01-Med cells were not included in this analysis because they did not display intrinsic invasive properties under such experimental conditions (Suppl. Fig. S1).

Statistical analysis
--------------------

All experiments were performed in triplicate and three independent experiments were carried out. Data were analyzed by [anova]{.smallcaps} and the Bonferroni *post hoc* test. Significance was established at the *P* ≤ 0.05 level. Results are expressed as mean ± SD. \**P *\< 0.05, \*\**P *\< 0.01, \*\*\**P *\< 0.001, \*\*\*\**P *\< 0.0001.

Results
=======

Expression of miR-367 is upregulated by OCT4A in medulloblastoma cells
----------------------------------------------------------------------

All medulloblastoma cell lines displayed detectable expression of the primary and mature forms of miR-367, although at significantly lower levels when compared with hESC (Fig.[1](#fig01){ref-type="fig"}a,b). Given the role of this microRNA in pluripotency and the aberrant *OCT4* expression reported in aggressive medulloblastoma, a possible connection between miR-367 and *OCT4* expression was evaluated. Medulloblastoma cells stably overexpressing *OCT4A*, encoding an OCT4 isoform with a well-known role in pluripotency, were obtained, reaching transcript levels similar to those found in hESC (Suppl. Fig. S2). Indeed, basal expression of miR-367 was significantly upregulated in the four medulloblastoma cell lines after enforced *OCT4A* expression (Fig.[1](#fig01){ref-type="fig"}c). Conversely, transient overexpression of miR-367 in medulloblastoma cells did not significantly increase *OCT4A* expression, nor the expression of other pluripotency-related genes encoding protein partners of OCT4A. Significant expression variation due to miR-367 was cell line-dependent (Fig.[1](#fig01){ref-type="fig"}d--f).

![Expression profile of miR-367 and pluripotency factors in medulloblastoma cells. Expression of (a) pri-miR-367 and (b) mature miR-367 were detected in in four human medulloblastoma cell lines by real-time PCR, using RNU58A as endogenous control. Expression levels of non-coding RNA in tumor cells were compared with the levels in native pluripotent cells (hESC). (c) Upregulation of miR-367 in medulloblastoma cells stably overexpressing OCT4A. Expression of genes encoding the pluripotency factors (d) OCT4A, (e) SOX2 and (f) NANOG, 48 h post-transfection with either miR-367 mimic or non-specific control. Expression of these protein-coding genes was accessed by real-time PCR, using GAPDH as endogenous control. Significance level: \**P *\< 0.05, \*\**P *\< 0.01, \*\*\*\**P *\< 0.0001.](cas0106-1188-f1){#fig01}

Overexpression of miR-367 increases medulloblastoma cell proliferation
----------------------------------------------------------------------

Overexpression of miR-367 significantly increased the amount of viable cells in CHLA-01-Med and USP-13-Med cell line cultures up to 48 h after transfection. A similar tendency was observed for D283-Med and Daoy cells (Suppl. Fig. S3). Accordingly, cell cycle analysis of CHLA-01-Med, USP-13-Med and D283-Med, but not Daoy cells overexpressing miR-367 indicated a higher percentage of cells at S+G2/M phases, and lower percentage of cells at G0/G1, compared with control cells (Fig.[2](#fig02){ref-type="fig"}a).

![Overexpression of miR-367 affects cell cycle and proliferation of medulloblastoma cells. (a) Cell cycle analysis of CHLA-01-Med, USP-13-Med, D283Med and Daoy cells by flow cytometry. Cell proliferation was investigated in CHLA-01-Med, USP-13-Med, D283Med and Daoy cells by the mitotic index (b) and (c) EdU incorporation. (d) Representative immunofluorescence images of tumor cells marked with antibody against microtubules (red) and DAPI DNA staining (blue). (e) Quantification of apoptotic tumor cells induced by cisplatin. Data is expressed as percentage of total cell population analyzed. Significance level: \**P* \< 0.05, \*\**P *\< 0.01.](cas0106-1188-f2){#fig02}

In agreement with this result, immunofluorescence analysis of CHLA-01-Med and USP-13-Med cell populations revealed a significant increase in the mitotic index and EdU incorporation in subsets of cells overexpressing miR-367, when compared with control cells displaying basal levels of miR-367 expression (Fig.[2](#fig02){ref-type="fig"}b,c). Again, a corresponding similar tendency was observed for D283-Med and Daoy cells. Interestingly, the immunofluorescence analysis also revealed morphological changes in USP-13-Med cells overexpressing miR-367. Control cell cultures were mainly comprised of fusiform cells with tapered and very thin ends, displaying a maximum length of 500 μm. After transfection with miR-367 mimic, these fusiform cells with long extensions were rarely observed, and most cells had a maximum length of 200 μm. Morphological analysis of CHLA-01-Med cells was difficult to perform because they naturally grow in suspension, forming tight cell clusters (Fig.[2](#fig02){ref-type="fig"}d).

In contrast, miR-367 overexpression did not significantly affect medulloblastoma cell apoptosis induced by treatment with cisplatin, except in Daoy cells (Fig.[2](#fig02){ref-type="fig"}e). Altogether, these results support that the increment previously observed in the population of viable cells due to miR-367 overexpression is likely due to a positive effect of miR-367 on cell proliferation, rather than on resistance to apoptosis.

Overexpression of miR-367 accentuates stem-like traits in medulloblastoma cells
-------------------------------------------------------------------------------

Medulloblastoma cells overexpressing miR-367 were more capable of generating neurosphere-like structures *in vitro* than control cells. The amount of neurospheres formed after 4 days in neural stem cell media was significantly higher in all medulloblastoma cell line cultures subjected to miR-367 mimic transfection, when compared with cultures of control cells (Fig.[3](#fig03){ref-type="fig"}a). Notably, neurospheres in cultures of CHLA-01-Med, USP-13-Med and D283-Med cells overexpressing miR-367 were not only more abundant but also more developed than their control counterparts, displaying a mean diameter of approximately 100 μm. Control neurospheres presented an average diameter of approximately 50 μm (Fig.[3](#fig03){ref-type="fig"}b). Despite being more numerous, neurospheres in cultures of Daoy cells overexpressing miR-367 were not oversized, displaying a general diameter comparable with that of neurospheres in control cultures. These neurospheres from all cell lines were highly enriched in cells expressing the neural stem cell marker CD133 (Fig.[3](#fig03){ref-type="fig"}c).

![Overexpression of miR-367 induces generation of medulloblastoma neurospheres. (a) Amount of neurospheres generated from medulloblastoma cells transfected with either miR-367 mimic or non-specific control, after 4 days of culture in neural stem cell media. (b) Representative images of CHLA-01-Med, USP-13-Med, D283-Med and Daoy neurospheres. (c) Proportion of CD133+ cells in medulloblastoma neurospheres, assessed by flow cytometry. CHLA-01-Med, USP-13-Med, D283Med and Daoy neurospheres were enriched in cells expressing CD133, with 91.7%, 90.3%, 87.4% and 48.2% of CD133+ cells, respectively. Scale bar: 200 μm. Significance level: \**P *\< 0.05, \*\**P *\< 0.01, \*\*\*\**P *\< 0.0001.](cas0106-1188-f3){#fig03}

Stem cells, either normal or neoplastic, also exhibit a high ability to invade tissues. When grown as cell spheroids surrounded by a biological matrix, a condition that better mimics tumor behavior *in vivo*, overexpression of miR-367 significantly enhanced invasion of medulloblastoma cells. Invasive cells formed spindle-like protrusions in the invasion matrix, which were more abundant and bigger in length after miR-367 overexpression (Fig.[4](#fig04){ref-type="fig"}a). Consequently, the overall area of these spindle-like protrusions was significantly greater in spheroids of cells overexpressing miR-367, compared with spheroids of control cells. Such enhancement on cell invasion was reversed by transfection with miR-367 inhibitor (Fig.[4](#fig04){ref-type="fig"}b).

![Overexpression of miR-367 in medulloblastoma cells enhances 3-D cell invasion. (a) Representative images of medulloblastoma spheroids displaying arboreal protrusions formed by cells invading the surrounding hydrogel matrix. Scale bar: 400 μm. (b) Kinetics of 3-D cell invasion of USP-13-Med spheroids overexpressing miR-367 (light grey line) and respective controls (miR-367 inhibitor and non-specific control). Significance level: \*\*\*\**P *\< 0.0001.](cas0106-1188-f4){#fig04}

Overexpression of miR-367 downregulates cancer-related targets in medulloblastoma cells
---------------------------------------------------------------------------------------

The Ryanodine receptor 3 (*RYR3*) and Ras-related protein 23 (*RAB23*) transcripts are examples of experimentally validated targets of miR-367.[@b23] Other putative miR-367 targets predicted by *in silico* analysis, but not experimentally validated, include the Integrin alpha-V (*ITGAV*) transcript. The respective encoded proteins are known to be involved in cancer. Consistently, both RYR3 and RAB23 protein levels were significantly reduced in medulloblastoma cells after 48 h of initial transfection with miR-367 mimic (Fig.[5](#fig05){ref-type="fig"}). Likewise, expression of *ITGAV* was also found significantly inhibited in medulloblastoma cells overexpressing miR-367 (Suppl. Fig. S4), reflecting a downregulation not necessarily resulting from direct miR-367 targeting.

![Downregulation of miR-367 cancer-related targets in medulloblastoma cells. (a) Relative amount of cells with positive expression of RYR3, assessed by flow cytometry 48 h post-transfection with either miR-367 mimic or non-specific control. D283-Med cells were negative for RYR3 expression. (b) RAB23 protein levels in medulloblastoma cells, assessed by western blotting 48 h post-transfection with either miR-367 mimic or non-specific control. Respective blot quantification is presented as a bar graph. Significance level: \**P *\< 0.05, \*\**P *\< 0.01, \*\*\*\**P *\< 0.0001.](cas0106-1188-f5){#fig05}

Discussion
==========

The miR-367 is primarily known as an ESC-specific microRNA regulating self-renewal and pluripotency.[@b20],[@b24] Some studies suggest that miR-302/367-mediated reprogramming of somatic cells to pluripotency poses minimum oncogenic risks due to self-regulating anti-tumor mechanisms.[@b24] In agreement with this suggestion, overexpression of the miR-302/367cluster in two human cervical cancer cell lines inhibited cell proliferation and tumor formation.[@b25] Conversely, ESC-specific miRNA, including miR-302/367, have also been shown to positively regulate cell proliferation by promoting G1/S transition in ESC,[@b26],[@b27] indicating that miR-302/367 effects may vary according to the cellular context.

The fact that overexpression of miR-302, but not miR-367, is required to fully reprogram somatic cells to a competent pluripotent state[@b13] indicates functional differences between these two related miRNA, strengthening this point. Thus far, little is known about the specific function of each individual member of this miRNA cluster.

High miR-367 expression has been associated with poor prognosis of cancer patients with Wilm\'s tumor,[@b28] ependymomas[@b29] and nonsmall cell lung cancer.[@b30] More recently, high levels of circulating miR-367 have been reported in the serum of patients with testicular germ cell cancers, in particular non-seminomas, with advanced local stage and metastasis.[@b31] Despite this clinical evidence, there are few functional studies addressing the direct involvement of miR-367 in tumor aggressiveness.

The positive effects on cell proliferation and neurosphere formation found after overexpression of miR-367 in medulloblastoma cells are in agreement with the previous clinical findings and indicate a possible pro-oncogenic role for this miRNA. Noteworthy, a previous study of embryonal brain tumors, including medulloblastoma specimens, reported that the ability of cancer cells to generate neurospheres *ex vivo* was significantly correlated with poor disease-free survival and poor overall survival.[@b32] Moreover, the sphere formation assay has been validated as an alternative to xenograft models in determining brain tumor stem-like cell potency and frequency.[@b33] The enrichment of medulloblastoma cell population with self-renewal capacity and stem cell-like phenotype after miR-367 overexpression is of particular interest, because cancer cells displaying similar stem cell properties are known to be highly tumorigenic and to be directly involved in tumor progression.[@b34] Interestingly, a large-scale analysis of miRNA expression in human glioma specimens revealed an expression pattern resembling the miRNA expression profile of stem cells and neuroprogenitors, in which miR-367 was found upregulated.[@b35]

The increased medulloblastoma cell invasiveness due to miR-367 overexpression is also in concert with the previous findings, because part of the stem-like cancer cell association with poor prognosis is attributed to the higher invasive growth and metastatic potential of these cells.[@b36]--[@b38] Although rare in medulloblastoma, the presence of metastasis at diagnosis, particularly in the neural axis, is a classical hallmark of poor survival.[@b3] However, a very recent study reported that overexpression of miR-367 in two gastric cancer cell lines, HS746T and SGC-7901, had an opposite effect, inhibiting cellular migration and invasion.[@b39] Nonetheless, the same study also found that miR-367 is downregulated in gastric tumor tissues, suggesting a distinct involvement of miR-367 in this particular type of cancer.

Several oncogenes have known effects on both cell proliferation and migration/invasion, which may be stimulated according to the extracellular signals predominating in the tumor microenvironment. Cell migration is highly stimulated by the extracellular matrix surrounding cells, an effect that is well known for neural crest cells during embryonic neurogenesis.[@b40] This cellular environment was mimicked in the 3-D invasion assay used in the present study. Interestingly, by-products of the extracellular matrix degradation can also stimulate proliferation of progenitor cells,[@b41] an effect that might contribute to metastatic colonization in the context of aggressive cancers.

We have previously reported that expression of the pluripotency factor OCT4 is correlated with poor prognosis in medulloblastoma,[@b16] a phenomenon that was later reported to occur in other types of malignant tumors.[@b42]--[@b46] Here, we found that ectopic *OCT4A* expression in medulloblastoma cells upregulates miR-367. It is known that miR-302/367 interact with specific transcription factors (OCT4, SOX2 and NANOG) leading to an auto-regulatory positive loop that induces and sustain pluripotency.[@b47],[@b48] Although upregulation of either *OCT4* or *SOX2* was observed after miR-367 overexpression in medulloblastoma cells, this effect was cell line-dependent, suggesting that the common effects on cell behavior towards a more aggressive phenotype were not associated with a gain in pluripotency.

Overexpression of miR-367 in medulloblastoma cells, as expected, downregulated RYR3, which is one of the few experimentally verified targets of miR-367.[@b23] Many studies have proposed anti-tumoral effects for RyRs receptors.[@b49] Using next-generation sequencing, three independent studies identified a total of 2102 unique genes as somatically mutated in medulloblastoma patient samples. Of these, only 15 were reported as mutated in all three studies. This restricted list of commonly mutated genes includes *RYR3*.[@b50] *RYR3* inactivation due to aberrant DNA methylation was also reported in acute lymphoblastic leukemia.[@b51] In animal models of tumorigenesis, RyRs activation by caffeine inhibited breast tumor metastasis[@b52] as well as the appearance of UV-induced skin cancer.[@b53]

Overexpression of miR-367 in medulloblastoma cells also resulted in decreased transcript levels of RAB23, a recently experimentally validated target of miR-367.[@b39] Members of the RAB family have been reported either as oncoproteins or tumor suppressors.[@b54] *RAB23* overexpression enhanced migration and invasion of human breast cancer cells.[@b55] In gliomas, the RAB family was associated with poor clinical outcome.[@b56] Nevertheless, RAB23 is deregulated in many cancers and has been identified as an antagonist of the SHH pathway.[@b57] The SHH pathway is crucial during neurodevelopment and hyperactivation of this signaling pathway characterizes a particular subgroup of medulloblastoma.[@b1] Although downregulation of *RYR3* and *RAB23* targets supported the effects of miR-367 overexpression observed in medulloblastoma cells, the downstream mechanisms underlying these miR-367-directed events remain to be elucidated.

In sum, ectopic expression of ESC-related miR-367 in medulloblastoma cells significantly enhanced their proliferation, spheroid invasive growth and ability to generate neurospheres enriched in cells with a stem-like phenotype, consistent with oncogenic activity. Upregulation of miR-367 occurred upon activation of another ESC-related factor, OCT4A, which had been previously associated with poor survival of medulloblastoma patients. Overall, these findings reveal a possible mechanism contributing to the aggressiveness of this important type of pediatric brain cancer, which could be further explored therapeutically.
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**Fig. S1.** 3-D invasion assay with Daoy, D283-Med and CHLA-01-Med cells.
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**Fig. S2.** Overexpression of *OCT4A* in medulloblastoma cell lines.
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**Fig. S3.** Amount of viable medulloblastoma cells after miR-367 overexpression.
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**Fig. S4.** Downregulation of ITGAV after miR-367 overexpression in medulloblastoma cells.
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